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Abstract Microscopic structures of Zn(Il) adsorbed on
anatase TiO, surface with different densities were studied
using extended X-ray absorption fine structure (EXAFS)
spectroscopy and density functional theory (DFT) calcu-
lation. Quantitative analysis of the EXAFS spectra showed
that microscopic structures of Zn(II) were fourfold coor-
dinated complexes, and different microscopic structures
were present of the solid surface. Three modes of corner—
corner/sharing-corner/sharing-edge adsorptions on anatase
(101) face cluster were calculated by the DFT method. The
results from DFT method were consistent with the EXAFS
fittings. The optimized Zn—O average distance of the Zn—-O
tetrahedron was determined as about 2.00 A. The Zn—Ti
distance was 3.69 A for the corner—corner adsorption,
3.35 A for the sharing-corner adsorption, and 3.02 A for
the sharing-edge adsorption. According to the adsorption
energies calculated by the DFT method, the microscopic
structure of corner—corner adsorption was less stable than
those of the other adsorption modes. With the increasing
adsorption density, the corner—corner adsorption mode
would be enhanced more intensively than the other
adsorption modes.
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1 Introduction

Adsorptions at the solid—water interface play a major role
in controlling the fate and transport of heavy metals in
natural aquatic environments. Understanding the binding
mechanism of these metals to sediment surfaces was vital
to accurately assess the hazards and risks of contaminated
sediments in aquatic systems (Muller and Sigg 1990;
Scheidigger et al. 1997). Macroscopic experiments provide
information on bulk equilibrium and kinetic processes, and
numerous macroscopic studies have laid down a solid
theoretical basis for understanding the metal ion sorption
mechanisms; however, to determine the molecular mech-
anisms, novel techniques such as X-ray absorption spec-
troscopy (XAS) and quantum calculation is needed.
EXAFS spectroscopy is uniquely suited to determine the
average coordination environment. Importantly, samples can
approach conditions found in the environment, the element of
interest can be presented at concentrations as low as 0.05 wt%
(depending on experimental conditions), and because no
vacuum is required, the samples can contain water and be at
room temperature (Brown et al. 1995; Charlet and Manceau
1993). These factors have been exploited by numerous
workers since EXAFS spectroscopy became available (Zhang
et al. 2001; Papelis et al. 1995; Roe et al. 1991; Waychunas
et al. 1993, 1995). In recent years, the technique has been
increasingly employed for providing structural and compo-
sitional information of surface complexes (Trainor et al. 2000;
Trivedi etal. 2001), which often offers critical insights into the
underlying adsorption—desorption mechanisms (Nachtegaal
and Sparks 2004; Lee et al. 2004; Ragnarsdottir and Collins
1999). Current EXAFS methods can only determine the
averaged microstructures. These averaged results can’t help
us to understand the adsorption system real structure and the
core metal ions’ stoichiometry. Basing on visual mode,
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quantum chemical calculations are therefore an important tool
for understanding the mechanisms of environmentally rele-
vant chemical processes.

The aim of this study was to clarify the microscopic
structure with the different adsorption density basing of
Zn(Il) adsorption on anatase TiO, with macrojar experi-
ments and novel techniques. The extended EXAFS spec-
troscopy was employed to monitor the possible
microscopic structure of the adsorption system, and Ab
initio quantum mechanical modeling was used to comple-
ment and assist EXAFS data interpretation for samples of
metal ions adsorbed on oxide-mineral. The results provide
an enhanced molecular scale description of the funda-
mental processes leading to adsorption. This new infor-
mation should lead to an improved understanding of Zn
mobility and attenuation in the environment and allow
quantitative modeling of these processes.

We chose to study Zn(II) adsorption on TiO, for several
reasons. First, The sorption of dissolved Zn onto hydrous
metal oxides, clays, and organic matter has been observed to
play an important role in controlling the dissolved Zn con-
centrations in soils and natural waters (Kiekens and Alloway
1990; Vymazal 1985; Brummer et al. 1983; Tessier et al.
1989; Coston et al. 1995). We have observed Zn configura-
tion of hydration in solution with changing pH. Zn(II) is
present in the form of octahedron in acidic solutions and
tetrahedron in alkaline solutions (Zhu 2005; Li et al. 2003).
Second, TiO, has been intensively studied as an adsorbent
for heavy metals owing to its high chemical stability in acidic
and alkaline solutions (Towle et al. 1999; Kim and Chung
2001; Barakat 2005). Third, the study of Zn(II) adsorption on
TiO, has thus provided a much better understanding on the
relative importance of the different types of surface site than
would have been possible by simply varying surface loading
on a single mineral. Lastly, adsorption samples’ surface
properties do not change over the timescales of EXAFS
experiments (hours to days). The EXAFS signal-noise ratio
in the Zn(II)-TiO, system is much higher than other Zn(II)-
metal oxide systems (Li et al. 2008).This choice is more
reliable for analysing the mechanism at atomic levels in
summary, second last line calculated energy.

2 Materials and methods
2.1 Materials

Zn(II) stock solution of 100 mg/L. was obtained by dissolv-
ing Zn(NOj3),-6H,0 with Milli-Q water, and was demarcated
with standard Zn(II) solution purchased from National
Research Center for Certified Reference Material (CRM).
Anatase type nano TiO, was used as the adsorbent in our
experiments, which was obtained from the Beijing Century
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Science and Technology Co. Ltd. The points of zero charge
(PZC) were found to be 6.3, The N,-BET (Micromeritics
Inc., USA) surface areas of anatase were measured to be
200 £+ 2 m2/g, and the XRD (Rigaku, D/MAX-RC, Japan)
patterns revealed that the TiO, was pure anatase-type TiO,.
TEM (H-7,500, Hitachi, Japan) analysis showed that the
TiO, powder was in uniform particle size in water solution
and their average diameter turned out to be 0.88 pm.

2.2 Batch sorption experiment

Sorption experiments were carried out with 1 g/L. TiO,,
ionic strength solutions 0.1 mol/L KNO; at T = 5 °C. The
pH values were controlled at 6.3 according to the pH edge
experiment. An equilibrium period of 24 h was applied in
the batch experiments.

2.3 EXAFS analysis

EXAFS data were collected at the BL-12C XAFS experi-
mental station of the photon factory (PF) of the KEK in
Japan. All adsorption samples were recorded using a
19-element SSD at the K-edge(9,659 eV) of Zn in the fluo-
rescence mode. The reference compounds of ZnO(s) pow-
ders and Zn(II) solutions were recorded in the transmission
mode.

EXAFS data analysis was performed using the Win-
XAS3.1 following the standard procedures (Ressler 1998),
background absorbance of the spectra was removed, and
EXAFS (chi) data were plotted as a function of electron
wavenumber Kk (inverse A). The extracted EXAFS function
was weighted by k3 to enhance the radial structure function
(RSF). Single and multishell in the RSF were isolated and
back-transformed (the Fourier-backtransformed and pro-
cessed with window widths of R-interval was 0.8-2.1 A for
the first shell and 2.35-3.75 A for the second shell), and then
the filtered data were converted into an amplitude (envelope)
function and a phase function. The amplitude reduction
factor (S3) was fixed at 0.87 for data fitting accounting for
this data relating to the measuring instrument. Using a non-
linear least squares fit procedure with a theoretical reference
model compound was generated by FEFF8 (Ankudinov et al.
1998) with Webatom (Ravel 2001). EXAFS fittings were
carried out by systematically refining the bond lengths R,
Debye—Waller factors, 62, and inner potential corrections
AE)y, for the models considered. The edge shifts (E) for all
shells were constrained to be equal.

2.4 Calculation method
Quantum mechanical calculations of cluster geometries

and energies were done using the Gaussian 03 code (Frich
et al. 2004) which implements density functional theory for
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finite clusters and molecules using the linear combination of
atomic orbital formalism.6-31 G basis set was employed to
O-H atoms, Lanl2dz basis set and pseudo-potentials were
employed to Ti Zn atoms.

The TiO,(101) crystal face was thermodynamically
stable surface, and this surface constitutes >94 % of TiO,
crystal face minerals (Ulrike 2003; Vittadini et al. 2000). In
this work, two Ti atom octahedron adsorption clusters were
employed to represent the TiO,(101) crystal face as in
Fig. 1. In order to avoid boundary effect and decrease the
whole cluster charge, it was needed to add hydrogen on the
oxygen dangling bond. In the process of optimization, only
the atoms which were bound to Zn atoms were optimized
on the adsorption cluster, and other atoms were fixed to
keep the TiO, cluster as a bulk structure. The surface
optimization can avoid severe deviation from the actual
structure as the adsorption cluster is comparatively small
(Ladeira et al. 2001).

3 Results and discussion
3.1 Macroscopic assessment of Zn(II) sorption on TiO,

Fig. 2 showed the adsorption isotherm of the adsorption
Density increasing with the Zn(II) ion equilibrium con-
centration in solution n the jar experiment after 24 h
adsorption equilibrium.

In order to confirm the microscopic structure of different
densities, we selected two samples, i.e., S1 and S2 as
shown in Fig. 2 as the EXAFS testing points.

3.2 EXAFS analysis

The EXAFS spectra with fitting of Zn(II) sorbed on anatase
TiO, under two adsorption densities are shown in Fig. 3.
Spectra for ZnO and the aqueous Zn(NOs),(i.e. hydrous
Zn(II)) solution are also included for comparison. The top
two spectra in Fig. 3 are ZnO and the aqueous Zn(NO3),,

L ¥ <

Fig. 1 Ti,OoH;; cluster of anatase TiO,(101) surface (white ball: H
atom; red ball: O atom; purple ball: Ti atom) (Color figure online)
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Adsorption Density (mg/g)
E~Y

pH: 6.3
lon Strenghth: 0.1mol/L
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Fig. 2 Adsorption isotherm of Zn(Il) adsorption on anatase TiO,
(Cp =1 g/L, S1, S2 are the sampling points for EXAFS analysis)

and The others are the EXAFS spectra of lower and higher
adsorption density on the Zn-TiO, adsorption isotherm
from experiments (S1 and S2). Correspondingly, the the-
oretical best fits for all of these samples are also presented
in Fig. 3, and the fitting results of the distance between the
core atom and neighbor atom were listed in Table 1.

As shown from Table 1, the average Zn—O bond length is
2.08 A and the coordination number is 5.8 for the reference
Zn(Il), compared with 1.97 A and 432 for ZnO(s),
respectively. This result agrees with previous work (Pan
et al. 2004; Li et al. 2004; Bochatay and Persson 2000) that
Zn(Il) was sixfold coordinated with oxygen, and ZnO(s) was
fourfold coordinated. As for the first shell of S1 and S2, the
average Zn—O bond length, denoted as R in Table 1, is 2.00
and 1.98 A, the coordination number is 4.52 and 4.54 for S1
and S2 respectively. According to the literature, reporting
that the most common coordination geometries of hydrous
Zn(Il) are octahedron with a Zn—O bond length of
2.07-2.18 A and tetrahedron with a Zn—O bond length of
1.92-1.99 A (Shock and Koretsky 1993; Spadini et al.

Fourier Transform Magnitude

R(A)
Fig. 3 Filtered EXAFS spectra (lines) and nonlinear least-squares fit

(dots) of Samples S1 and S2 (S: Samples selected of Zn(II) adsorption
on anatase TiO2 adsorption isotherm)
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Table 1 EXAFS results for adsorbed Zn(Il) on anatase TiO,

Sample The first Zn—O shell The second Zn-Ti shell
CN R (A) CN1 R1 (A) CN2 R2 (A)
Zn (NO3), 5.80 2.08 - - - -
ZnO 4.32 1.97 - - - -
S1 4.52 2.00 1.17 3.71 0.85 3.32
S2 4.54 1.98 1.95 3.71 1.13 3.28
CN coordination number, CN! single corner adsorption mode, N2 double corner or single edge adsorption mode
1994), it could be argued that the sixfold coordination SC
(Zn(H20)5™) changed to fourfold coordination because Ho OH, o DC
release of two H,O (Spadini et al. 1994). Therefore, 2 2 SE
Zn(II) adsorbed on the TiO, surface herein is in fourfold o H,0 OH, OH,
tetrahedral coordination and it is transformed from the \Z / /
. .. 6 . n
sixfold coordination (Zn(H,O) 5%) by losing two H,O y \ __—-7Zn—__oH
molecules. OH HO OH OH :
EXAFS analysis also provided information about the 1|_. l \l \T| 5
1 : : i O—TiT—O—Ti O—TiT—O0——
distance and coordination number (CN) of the second shell of \ ‘ \ ’ \ ‘ \\
Zn(Il) ions and neighboring Ti atom. There are two kinds of

distances, R; and R,. R; was 3.71 A, and R, was 3.32 A and
3.28 A for S1 and S2 respectively. Based on the literature
that edge-sharing linkage, corner-sharing linkage (including
double-corner and single-corner etc.) are the most common
modes of binding between the polyhedron of hydrated metal
ions and the octahedral of metal oxides (Pan et al. 2004; Li
etal. 2004; Spadini et al. 1994), the varying R, accounted for
the average change in distance of Zn-Ti with at least two
microscopic adsorption modes, corresponding to different
macroscopic adsorption Density.

3.3 DFT calculation
3.3.1 Geometry configuration

Based on the EXAFS results and polyhedral approach
(Spadini et al. 1994; Combes et al. 1989) which was used
for inferring the bonding mode of metal hydrated ions and
oxide octahedron, three adsorption modes for the Zn(II) on
anatase TiO, surface were accounted for as shown in
Fig. 4.

According to DFT calculation, three optimized geome-
tries corresponding to the Zn adsorbing on TiO,(101), i.e.
double corner (DC), single corner (SC) and single edge
(SE) could be calculated, as shown in Fig. 5.

3.3.1.1 The first Zn—0O shell According to the three dif-
ferent optimized geometries of Zn—TiO2 adsorption clus-
ter, the distance of Zn—O for the first Zn—O shell could be
divided into two groups. One group is the Zn—OH distance
1.95-1.97 A, and the other group is the Zn—OH, distance
2.03-2.09 A (Table 2). The average distance for the Zn-O

@ Springer

Fig. 4 The scheme of different adsorption modes of Zn(II) on
anatase TiO, surface

shell is around 2.00 A, which is consistent with the EXAFS
results. The hydrated Zn(Il) ions in water was six coordi-
nation at pH lower than 7 by EXAFS measurement (Zhu
2005; Li et al. 2003). The average distance for the Zn—O of
hydrated Zn(II) ions is 2.12 A by DFT calculation.

3.3.1.2 The second Zn-Ti shell Table 2 showed three
different Zn-Ti distances for the second Zn—Ti shell for the
three different optimized geometries of Zn—-TiO, adsorp-
tion cluster. The Zn-Ti distance is 3.68 A for the SC
adsorption mode, which is near to the distance of the
second shell of Zn-Ti adsorption cluster by EXAFS fitting
(3.71 A). This proves that the adsorption cluster by EXAFS
fitting has the SC adsorption mode. The distance of the
Zn-Ti of the optimized geometries of Zn-TiO, adsorption
cluster for DC and SE are 3.35 and 3.03 A respectively. As
shown in Table 2, the distance of 3.32 A (or 3.28 1&) from
the EXAFS fitting was close to the average distance of the
DC and SE adsorption mode.

3.3.2 Adsorption energy

In order to compare the stability of these three adsorption
geometries, we calculated the adsorption energy according
the equation below:

Eads - Eadsorbate—substrate - (Eadsorbate + Esubstrate)

The data in Table 3 showed different adsorption energy
depending on adsorption geometries. The absolute energy



Adsorption (2013) 19:1019-1025

1023

o

(¥ ©

(%]

Fig. 5 Geometry structures of optimized adsorption structure (white ball: H atom; red ball: O atom; purple ball: Ti atom) (Color figure online)

Table 2 Calculated optimal geometries results of different adsorption modes

dzno (A) dznmi (A)
Zn-OH Zn-OH, Average Zn-Ti
DC 2.09 2.07 1.96 1.95 2.02 3.34 3.36
SE 2.05 2.05 1.97 1.96 2.01 3.03
SC 2.06 2.03 2.05 1.96 2.02 3.68
Zn(H,0)2+ - 2.12 -
Table 3 Adsorption energy of different adsorption geometries
Adsorption geometries Energy (hartree) AE (hartree) AE (KJ/Mol)

Initial cluster

7Zn(H,0), cluster

Adsorption cluster

DC —952.201 —370.71
SE —952.201 —370.71
SC —952.201 —370.71

—1170.234 —0.094 —247.909
—1169.924 —0.078 —204.789
—1246.608 —0.083 —218.697

value of —247.909 kJ/mol for the DC cluster is the lowest
among these three geometries. This explained why DC was
the most stable geometry cluster. The sequence of the two
other stable is SC and SE. The greater the absolute value of
AE is, the easier the adsorption reaction occurs.

4 Summary

From the EXAFS result, there existed at least two types of
distance for the second Zn-Ti shell of the Zn-TiO,
adsorption cluster. By geometry optimized DFT calcula-
tion, there were three types Zn-Ti distance for the different
adsorption geometry cluster. According to the reaction
energy DFT calculation, SE adsorption cluster is the easiest
reaction among these three adsorptions, the DC adsorption
cluster is the most stable geometry configuration.

As the results showed that there were different micro-
scopic structures between the lower adsortption Density
and the higher adsorption on the Zn-TiO, isotherm. The

coordination number of the first Zn—O shell remained the
same as four coordination at both lower and higher
adsortption Density. The second coordination number of
the second Zn—Ti shell is 1.17 A at the lower adsortption
Density, and it changes to 1.95 A with the increase of
adsorption Density. Comparing the coordination number
increased with the adsorption Density by the DFT opti-
mized the geometry, the Zn-Ti distance keeps 3.71 A,
indicating one type of SC adsorption mode. The SC
adsorption mode number increased with the Zn(Il) ions
adsorbed on TiO,. The coordination number of 0.85 for the
second Zn-Ti shell present at lower adsorption density, and
this value changed to 1.13 A with increasing adsorption
Density. According to the calculated energy, the SE
adsorption mode occurred more than the DC adsorption
mode with increasing the adsorption density.
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